), three MOS methods (Linear-Scaling, Quantile-Mapping and MOS Analog) have been proposed and they have shown skill to downscale daily precipitation outputs of the ERA40-driven COSMO-CLM model over three Italian domain (Orvieto, Po river basin, Sardinia). This study extend this previous analysis [19] applying these MOS techniques to the entire model chain (CMCC-CM driven COSMO-CLM model) in control and future periods. These methods clearly outperform the uncalibrated RCM outputs, regardless of the region, the season and precipitation index. Generally, better results have been obtained with the quantile mapping method. Finally, the application of these MOS techniques to future RCM scenarios is also discussed. Generally the projected scenarios are quite consistent among the dynamical model and the MOS methods, giving some confidence in the robustness of the MOS in changing climate conditions. The stronger climate change signal that appears, regardless of the scenario (RCP4.5 or RCP8.5), domain, downscaling method or precipitation indices, is the decreasing trend in summer. This report presents the preliminary results of combined downscaling methods for precipitation, adopted by CMCC within the framework of the GEMINA project (product P93b).
INTRODUCTION
Regional quantitative scenarios of possible precipitation changes are necessary to assess their potential impacts in the future and their development is a strategic topic in several international and national climate programs. Precipitation is a major factor in crucial sectors such as agriculture and hydrology, but at the same time, it is one of the variables with the greatest uncertainty in numerical models. These considerations are exacerbated when the extremes are considered. At global scale, although there are still significant uncertainties and despite the complexity of the task, the Global Circulation Models (GCMs) generally project an increase in precipitation extreme under different anthropogenic forcing scenarios [9, 13] , that are consistent with theoretical basis [2] . However, the GCM coarse resolution (generally few hundred kilometers) it is not suitable to analyse the scenario at regional scale (generally few tens kilometers). Usually the gap between the coarse resolution GCMs and the appropriate scale for regional climate studies is bridged by means of dynamical and/or statistical downscaling techniques [4, 21, 1, 8] .
In a previous study, Turco et al. (2013a, [19] ) evaluated three different MOS (Model Output Statistics) methods to refine the precipitation output of the ERA40-driven COSMO-CLM model. They focus on the mean and extreme precipitation regimes over three Italian areas ( Fig. 1) : Orvieto, Sardenia and Po river basin. The three methods tested are of increasing complexity: (i) the simple linear-scaling (LS), (ii) the quantile mapping (QM), and (iii) the MOS Analog method (MA, [18] ). This comparison was performed under "perfect boundary condition", that is, the lateral boundary conditions are provided by ERA40 reanalysis data, in order to reduce the influence of the errors related to the GCM. Their analysis indicates that the application of MOS techniques generally improves the outputs of the COSMO-CLM model, and, among the MOS methods, better results have been generally obtained with the quantile mapping method.
The application of these MOS method to downscale future RCM scenarios (driven by GCMs simulations) is technically straightforward. However, before to develop the future scenarios, since RCMs are also limited to the quality of the GCM boundary condition, it is important to analyze these methods applied to the entire GCM-RCM model chain in a control period. Besides, it is also important test the robustness of the downscaling methods in climate change conditions. Taking these considerations into account, the objectives of the present study are, first, to evaluate if the GCM-RCM-MOS chain is able to reproduce the observed climate patterns of mean and extreme precipitation, and, second, to analyse the consistency of the climate change signals of the RCM and the MOS as a first test of the stationarity of the MOS methods. Indeed the climate change signals of the GCM-RCM and of the GCM-RCM-MOS should be similar since the statistical scenarios are driven by the dynamical model ones.
The study is organized as follows. After this Introduction, Section "Data and Methods" describes the observed and simulated data and the three MOS methods are presented. Then, the Sections "Control period results" analyses the validation results in a control period. Finally, Section "Future scenarios" presents the scenarios results and Section "Conclusion" resumes the main findings of this report. 
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DATA AND METHODS
COSMO-CLM REGIONAL CLIMATE MODEL
In this study, we consider the CMCC-CM driven COSMO-CLM model [12] both for the control period and for a future period up to 2100. The CMCC-CM global model [14] is the coupled atmosphere-ocean general circulation model adopted by CMCC; its atmospherical component is ECHAM5, that has a horizontal resolution of 0.75
vertical levels and 4 soil levels. The COSMO-CLM regional climate model is the climate version of the COSMO-LM non-hydrostatic limited area model [15] . A detailed description of this RCM and its evaluation is given in Zollo et al. (2012, [22] ). The horizontal resolution of the performed simulations is 0.0715 Table 1 Main features of the COSMO-CLM set-up.
OBSERVED DATA
As mentioned in the Introduction, the three domains of this study are: (i) Orvieto, (ii) Po river basin, (iii) Sardinia (Fig. 1) . These are interesting domains to study the impact of climate change on the hydro-geological risk, and, besides, they are also covered by high-resolution data over the baseline period 1971-2000. In the following these data are briefly described. The readers are referred to Turco et al. (2013a,[19] ) for more details on these data. [20] ) by comparing it to other two highresolution datasets of interpolated precipitation (EOBS [6] , MAP [3] ).
Sardinia. The Sardinia island is highly vulnerable to flash flooding and landslides and it is challenging domain to perform precipitation downscaling also because this field is highly variable in this relatively small area. The observed data used for this domain are 39 time series of daily cumulated precipitation managed by Ente Idrografico della Sardegna. This dataset has been kindly provided by the CMCC IAFENT division (Sassari).
MOS METHODS
Here we briefly describe the three MOS methods that we compare: (i) the linear-scaling, (ii) the quantile mapping, and (iii) the MOS Analog method (see Turco et al., 2013a,[19] for more details).
First, the linear-scaling approach consists in correcting the monthly differences between observed and simulated values. The quantile mapping correction, instead, tries to adjust all the moments of the probability distribution function (PDF) of the precipitation field. The idea is to calculate the correct variable as a function of the original simulated variable using a transfer function calculated forcing the equality between the CDF (cumulative distribution function) of the observed and simulated variables [11] . We applied the quantile mapping assuming that both observed and simulated distributions are well approximated by a Gamma distribution. This distribution is commonly used for representing the PDF of precipitation [10] and several studies have proved that it is effective for modeling rainfall data ( [17] , [7] , [5] ). Finally, the MOS analog method (MA, [18] )), is based on the hypothesis that "analogue" weather patterns should cause "analogue" local effects. It consists in a two steps procedure: for each day to be downscaled in a test period, first the closest historical predictor (the RCM precipitation, i.e. the analog) is found and then the observed local precipitation, correspondent to the analog day, is used as downscaled precipitation.
CONTROL PERIOD RESULTS
We evaluate the ability of the CMCC-CM-driven COSMO-CLM model and of the post-processing methods to reproduce the seasonal climatology (spatial pattern) for three precipitation indices proposed by ETC-CDI (http://cccma.seos.uvic.ca/ETCCDI) and shown in Table 2 .
Label Description Units
PRCPTOT total precipitation mm R1 number of days with precipitation over 1 mm/day days RX1DAY maximum precipitation in 1 day mm Table 2 Climatic mean and extreme ETCCDI indices for precipitation used in this work (see also http://cccma.seos.uvic.ca/ETCCDI).
The comparisons between the simulated and observed climatologies are resumed by the Taylor diagram [16] . This diagram consents to synthesize three metrics of spatial similarity, i.e. standard deviation (S), centered root-meansquare difference (R) and correlation (C), in a single bidimensional plot. Two variations from the standard Taylor diagram have been applied in this study:
The statistics were normalized dividing, both the centered root mean square error and the standard deviations of the simulated fields, by the standard deviation of the observations. In this way it is possible to compare the different indices.
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To include information about overall biases (M ), the colour of each point indicates the difference between the simulated and observed mean, normalized by the observed mean.
ORVIETO
As in Turco et al. (2013a,[19] ) the linear-scaling and the quantile mapping methods are here applied to the ensembles of grid-points that surround the station in a square of 1
• (see Fig. 1 ), in order to take into account the reliable scale of the model. Indeed it should be noted that the direct model output is not a point value but an average (over a grid) value, reliable considering only from 4 to 10 times the nominal resolution of the model. Figure 2 shows the comparison in terms of probability distribution, CDF (top) and PDF (bottom) of the three proposed methods. The QM method has a better agreement with the observation than the LS and MA methods, whose performance are not satisfactory. A closer look at the performances of the RCM and the three methods in reproducing the climatological values of the three indices considered (described in Table 2 ), is given in Table 3 . These results show that the COSMO-CLM model underestimate the P RCP T OT index in summer and autumn, and overestimate the number of rainy days in winter and spring. The results are surprisingly good for LS and QM, in particular for QM the observed value is always within the range (5 • and 90
• percentile of the ensembles of grid-points that surround the station in a square of 1 • ) of the QM simulated values, regardless the season or the index. Finally, the MA method has quite good performances in terms of R1 and RX1DAY , but has worst performances in terms of total precipitation, indeed it shows an overestimation in winter and spring and a strong underestimation in autumn. 
PO RIVER BASIN
For illustrative purpose, the results for the winter season (DJF) are summarised in Figure  3 Figure 3 shows an overestimation of the COSMO-CLM model in terms of total precipitation (62 %), number of rainy days (44 %) and maximum precipitation in one day (11 %). The overestimation is larger over the mountains areas (Alps and Apennines). In addition to the model chain limitations, this overestimation could also be related to the well-known problem in measuring the winter precipitation at high altitudes. The QM values show a higher agreement with the observations and clearly outperform the uncalibrated RCM outputs for all the indices (Fig. 3) .
To summarize the results for all the methods, seasons and indices, the spatial similarity of the simulated values in reproducing the observed climatologies of the ETCCDI indices is shown in the Taylor diagrams displayed in Fig.  4 . The quantile mapping method have the best scores for most indices and seasons, while the direct model output shows the worst results in most cases. As for the ERA40-driven run ( [19] ) the MA method also reduced the bias of the RCM, except for the autumn season, when the MOS analog shows an underestimation (ranging from 10 to 20%) of the observed values. The LS method generally shows the worst results among the three MOS method, although it improves the representation of the P RCP T OT index, as expected, and also the other two indices, to a lesser extent. 
FUTURE SCENARIOS
In this section the future scenarios obtained from the MOS methods are presented and compared with those obtained with the COSMO-CLM model, in order to assess the consistency of climate change signal obtained with different methods. Tables 4 and 5 These results show that the climate change signal obtained using the MOS methods is generally comparable to that obtained by the COSMO-CLM model, indicating that these post-processing techniques are able to preserve the climate change signal of the RCM. A main exception regards the tendency of the MA method to give lower values than the RCM for PRCPTOT and RX1DAY indices: for RCP4.5 scenario especially in spring and in autumn, for RCP8.5 scenario also in winter. These results could be due to two main reason: (i) the seasonal bias of the RCM, that could led to an increasing of the systematic errors (as already reported in [19] ), and (ii) the possible lack of robustness of the analog method in some climate change conditions since this method it is not able to produce events outside those which are present in the historical archive.
ORVIETO
Considering the possible future changes under the RCP4.5 scenario, table 4 shows substantially a steady scenario for the P RCP T OT index in all the seasons except in summer, when the RCM and the MOS methods indicate a decreased rainfall around -30%. The R1 index shows a decreasing signal, stronger in spring (around -20%) and summer (around -30%). Instead the RX1DAY index shows positive signal in winter and spring (around 15 %), and negative in summer and autumn (respectively around -20 % and -10 %). Table 5 , instead, is relative to the RCP8.5 scenario and shows a similar behaviour for total precipitation and number of rainy days, with an increase in winter, especially for P RCP T OT index (around 30%), and a decrease in the other seasons, more pronounced in summer (around 70% for both the indices). Following this scenario, the maximum of daily precipitation RX1DAY undergoes an increase in all the season except in summer, when a reduction of about 60% occurs. For the sake of completeness, Table 6 reports the comparison between seasonal climate change signals of the RCM and all the three proposed methods, both for the RCP4.5 scenario and for the RCP8.5 scenario. These results show that the change signal obtained using LS, QM and MA methods is generally comparable to that obtained by the COSMO-CLM model for both the scenarios, indicating the capability of these post-processing techniques to preserve the climate change signal of the RCM. Only MA method shows slightly lower values, with respect to RCM, for the RX1DAY index in all the seasons except winter. Moreover, in Table 6 , a comparison between the RCP4.5 scenario and RCP8.5 scenario is shown. This comparison indicates that for almost all the cases (except for P RCP T OT in autumn and R1 in winter) the sign of the climate change signal remains the same for both the scenarios, but the magnitude of the change is much greater for the RCP8.5 scenarios, as expected. In particular, the slight increment of P RCP T OT (6%) projected in winter by RCP4.5, becomes a significant increase (33%) following the RCP8.5 scenario, and the decrease of all indices in summer is more pronounced, with a reduction of about 60% for P RCP T OT and R1, and about 25% for RX1DAY .
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Table 6
Seasonal mean changes (%) for the three indices P RCP T OT , R1 and RX1DAY , over the Po river basin, both for the RCP4. The same as Fig. 8 for the R1 index.
COSMO-CLM QM
Mean change=18 % DJF Mean change=19 % The same as Fig. 8 for the R1 index.
Mean change= 25 % The same as Fig. 8 for the RX1DAY index.
CONCLUSION
In this report we have investigated (i) the applicability of three MOS techniques (LS, QM and MA) to the CMCC-CM driven COSMO-CLM model (ii) the possible future changes and the consistency among direct model and postprocessed scenarios. This study extend the analysis of Turco et al. (2013a, [19] ), in which the focus was on the analysis of these MOS methods applied to the ERA40-driven COSMO-CLM.
Here, we show that the validation against the observed data in three different domains (Orvieto, Po river basin and Sardinia island) confirms that the MOS downscaled values clearly outperform the uncalibrated RCM outputs, with better performance of the QM method in most of the cases.
Generally, the climate change signal is similar among the dynamical model outputs ad the statistical model ones. Note that the relative changes (i.e. the future changes relative to the historical climatology) should be similar among RCM and MOS. Instead, the added values of the MOS scenarios lie in their absolute values (contrary to the relative changes). This again suggests that the MOS outputs may be very useful for those users who require highresolution data where systematic errors are reduced.
The projected changes are quite consistent over the three domains: they generally indicate a strong decrease in summer, regardless of the scenario (RCP4.5 or RCP8.5), domain, downscaling method or precipitation indices. Instead a noisier climate change signal for the other seasons/regions/scenarios. We underline that, in spite of the rather agreement of the simulated fields in the control period, the overall uncertainties in future rainfall climate scenarios remain quite large, suggesting that these future scenarios should be taken with caution.
